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BACKGROUND

Accurate neasurenent of humdity is inportant in many heati ng,
ventilating, and air-conditioning (HVAC) applications.

Mai nt ai ning a specified roomor space humdity can be critical in
| aboratories, clean roons, hospital operating roons, nuseuns, and
ar chaeol ogi cal preservation facilities. In these buildings,

hum dification is usually provided by injecting noisture into an
air duct that distributes the humdified air to the building
spaces. To prevent condensation fromformng in the duct,

hum dity should al so be nmeasured and controlled i nmediately
downstream of the noisture injection mechanism |In the above
applications, accurate neasurenent and control of humdity can be
crucial to occupant health and to the equi pnent and contents of

t he buil di ng.

| NTRODUCTI ON

Two comon types of commercial grade, roomwall-nmount, relative
humdity (RH) sensors were evaluated: resistive and capacitive.
In addition to basic conparisons, the sensors were tested for
accuracy and long term (drift) performance. Three of each type
were purchased, all from separate manufacturers. Each was
specified to have an accuracy of £3% RH over a nom nal range of
20-80% RH. Four were provided with a drift rate specified not to
exceed 1% RH per year

EVALUATI ON OF SENSCRS

Rel ative humdity is a nmeasure of the anobunt of water in the air
at a given tenperature. There are several sensor technol ogies
avai l able to nmeasure relative humdity. The two nost popul ar
ones, probably due to their |ow cost, use a capacitive or
resistive sensing elenment. The ASHRAE Appli cati ons handbook
refers to these as el ectronic hygroneters.



Rel ative hum dity sensors consist of an integrated sensor and
transmtter assenbly. The sensor provides a neasure of the
relative humdity while the transmtter generates an el ectronic
out put signal representative of the sensed humdity.

The resistance type of sensor uses a conductive grid coated with
a hygroscopi ¢ substance. The conductivity of the grid varies with
water retained thus the resistance varies with humdity. The
conductive elenent is arranged in an alternating current-excited
wheat stone bridge. The electronic circuitry provides tenperature
conpensation and linearizes the resistance signal to provide an
out put signal as the relative humdity changes fromO to 100%
ASHRAE Applications Handbook indicates that the resistive type
responds quickly to humdity changes. Brownawel | indicates that
the response tine is relatively slow as it may take tens of
seconds or even mnutes for changes in humdity to fully affect
t he resi stance readings.

The capacitance type of sensor contains a stretched nenbrane of
nonconductive film wth netal electrodes on both sides, nounted
within a perforated plastic capsule. The change in the sensor's
capacitance is nonlinear with respect to rising relative

hum dity. The signal is linearized and conpensated for
tenperature in the anplifier circuit to provide an output signal
as the relative humdity changes fromO to 100% Brownawel |

i ndicates that the response tine is fast, but varies dependi ng on
the construction of the sensor.

Twenty sensor vendors were |located in the annual "Products" issue
of Heating, Piping, and Air-Conditioning magazi ne. Due to the
nature of this source, and that all vendors described or
advertised their sensors as being intended for use in HVAC
applications, the sensors are classified as "comercial" grade.

O the twenty vendors, nine offered capacitive sensors, four
offered resistive, six did not offer any, and one did not know
what type theirs was.

Table 1 shows the specifications for the sensors that were
selected for testing, in addition to the sensor costs which
ranged from just over $100 up to $250. Sorme nmay be at governnent
di scount.

Rel ative hum dity sensors nust respond to both noisture and
tenperature, but only three manufacturers provided a tenperature
effect specification. Table 1 shows that the specifications
ranged from0.005 Y%RH/ °F to 0.02 RH °F. The | ater would result
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in an error of 1% RH over a 50°F tenperature range. Tenperature
effect was not investigated in the experinent as all data was
taken at a constant tenperature.



TABLE 1.

RELATI VE HUM DI TY SENSOR SPECI FI CATI ONS.

RESI STI VE SENSORS

CAPACI TI VE SENSCRS

Ref . RH 1 RH 2 RH 3 RH 4 RH 5 RH 6
Number :
Vendor Nane Gener al El an Tenperat ure Hy- Cal Manmac Vai sal a
Eastern Techni cal Cont r ol
Cor por ati on Speci alties
Part Number RH 3 (ETO (TCS) CT 829 A- HU- 225- 3-ma HWV 40 U
HT 1010 IVH
TH 1020
Cost $225 $140 $111 $205 $256 $158
Accur acy 3% ( 20- 3% (10- 3% (20- 95%RH) 3% ( 0- 3% ( 20- 3% (10-
95%RH) 95%RH) at 25°C 90%R=H) 80%RH) 90%RH)
50 to NI ST
120°F traceabl e
i ncl. 0. 5%H 0. 5%H i ncl uded 0. 25%
Repeatability | 0.5%H
Stability 1% RH yr 1% RH yr 1% RH yr 1% RH yr
Hysteresis incl. 1% i ncl uded 0. 25%
Tenper at ure 0. 06% °F i ncl uded 0. 005% °F < 0.02% °F
Ef f ect -10 to 60°C
Vol t age 0. 002% 0. 003% RH vdc 0. 002
Ef f ect RH vdc RH vdc
Sensitivity 0.1% RH 0.01%
Operating -40 to 0 to 160°F -15 to 170°F -4 to -40 to 135°F | 23 to 131°F
Range (°F) 130°F 150°F
Ti me 20 sec. - still 50 sec. in | 10 seconds
Const ant air slow air (for 90%
(30 to 80 9RH) RH)




Zero & Span yes yes yes yes yes yes

Adj ust nent

Mai nt enance i nt er change wash wash None.

not es accuracy 5% Change

sensor

O her monolithic |solid state |[thin film
CMXS i.c. | polyner capacitive
W capaciti | capacitance |solid state
ve thin
film

"I'ncl uded” neans that the specification is included in the "Accuracy" specification.




Capacitive sensors tend to be inaccurate at high humdities due
to saturation of the sensing el enent and resistive sensors tend
to be inaccurate at very low humdities (Brownawell). The
specifications in Table 1 appear to support this. This suggests
that the resistive type is the better choice for use in a duct
high-limt humdity control application where humdity is
measured and control |l ed downstream (usual ly about 10 feet) of a
hum di fier.

Resi stive sensors are particularly resistant to surface

contam nation (Brownawel |, Wi sman) because contam nants cannot
penetrate the polyner. This can be advantageous in duct humdity
measur enent applications where, in spite of filtering, the air
can be dirty.

Three of the six sensor manufacturers in Table 1 provided a
transi ent response specification. The range is from10 to 50
seconds. Transient response of the sensor is not very inportant
in roomhumdity nmeasurenent and control applications, but in the
a duct high-limt application speed of response can be crucial. A
| ong response tine mght result in saturation of the duct.

Manuf acturer literature did not indicate at what intervals
calibration m ght be required. Several manufacturers recommended
cl eaning of sensors at periodic, but unspecified, intervals.

Cl eani ng can be acconplished with distilled water or isopropyl

al cohol. Two manufacturers indicate that the sensing el enent can
be readily repl aced.

TEST METHOD AND APPARATUS

Test ©Met hod

The three resistive and three capacitive sensors listed in Table
1 were tested at approximately 30, 40, and 50% RH and at a
constant tenperature of 68.8°F (plus or mnus |less than 0.5°).

At each of the three humdity |levels, after reaching steady

state, five neasurenents were obtained fromeach sensor in random
order over about a five mnute period. This defined a data set.
Data sets were taken once a week for 8 weeks, then nonthly

t hrough the fourth nonth, then every other nonth through the
first year. A recent data set was taken after nearly two years

si nce the experinent began.

Test Apparat us

The tests were conducted in a 12x15x8 foot room To help mnimze



noi sture | oss, the test roomwas partially sealed using plastic

drop cloth. Humdity | evel was established using two residenti al
grade humdifiers and a dehum difier. Tenperature was maintai ned
using oil filled radiant and electric strip heaters.

Sensor error was determ ned by conparing each sensor reading to a
chilled mrror dew point sensor (wth N ST traceable calibration
accuracy of +0.5% RH)

Sensor readi ngs were obtained by nmeasuring the voltage drop
across a precision 499 ohm out put resistor. Resistances and
vol t ages were neasured using a precision nultineter (z0.12% of
r eadi ng) .

Air novenent across the sensors was achi eved using a residential
box fan, running on | ow speed, |ocated approximately 5 feet in
front of the sensor rack. The fan was run only while taking data.

TEST RESULTS
Gener al

During initial testing two of the capacitive sensors were found
to be defective. RH5 was providing an output that was in error
by about 20-25% RH. The output of RH 4 was oscillating at a rapid
frequency (approximately 1 Hz). The peak-to-peak magni tude of the
oscillation was about 0.7% RH, but the sensor was otherw se
accurate. Both units were replaced and RH5 was still not within
the specified accuracy but was significantly closer so it was
used in experinent.

The experinment officially began on 23 Dec 1995. Al sensors were
tested in their original (as supplied fromthe vendor) condition.
No calibrations were attenpted prior to or during the experinent.

Anal ysis of Vari ance

An anal ysis of variance (ANOVA) was perfornmed on the eight data
sets covering the first eight weeks of the experinment. The ANOVA
indicated that (in order of significance);

' There is a very large variance between the accuracies of the
i ndi vidual sensors within the two Categories (resistive and
capacitive). This suggests that the resistive sensors are
not of equival ent accuracy and that the sane can be said
about the capacitive sensors.



' There is a relatively large variance in sensor accuracy as a
function of Time. While this m ght suggest that the sensors
drift, examnation of the raw data showed no clear pattern
of drift. Therefore we conclude that the RH sensors do not
provi de repeat abl e readi ngs, but the nagnitude of the non-
repeatability is not especially large. The average standard
error of estimate ranged fromO0.2 to 0.9% RH for the six
sensors. (The standard error of estimate for each sensor is
shown in Table 3.)

! There is a noderate variance in the interaction between Tine
and sensor Category (resistive and capacitive) suggesting
that the two categories of sensors do not have the sane
repeatability.

' There is sone variance in the category of sensor (resistive
and capacitive) suggesting that the two categories are not
of equival ent accuracy.

' There is a small variance in the interaction between tine
and the sensors nested in Categories (resistive and
capacitive). This suggests that there are no individual
sensors that are | ess repeatable than others.

RVS Error

Tabl e 2 shows the root-nean-square (RM5) error of each sensor
based on the first 8 weeks of data. Two resistive sensors and one
capacitive sensor is producing the manufacturer specified £3%
accuracy. Neither Category of sensor (resistive or capacitive) is
produci ng the specified accuracy, nor is the whole group of
sensors. The purchase price of each sensor is also shown in the
Tabl e. Some may be at government discount. Note that there
appears to be little to no correl ati on between sensor accuracy
and cost.

Table 2. Initial Accuracy of Wll-Munt RH Sensors.

| ndi vi dual Cat egory G oup
Cost RVS Error RVS Error RVS Error
(%R (%R (%R




Resistive-1 (RH1) $225 + 1.1%

Resi stive-2 (RH 2) $140 + 1.2%

Resi stive-3 (RH 3) $111 + 6. 7% + 4.0%
Capacitive-1 (RH4) $205 + 0.5%
Capacitive-2 (RH5) | $256 + 4.3% 3.2
Capacitive-3 (RH 6) $158 + 3.4%




Li near Regression

A | east squares |inear

poi nt sl ope equation for each sensor:

Tabl e 3 shows the regression results.
"m' (sl ope)

is 0% RH and an i deal

regression was performed for each sensor
using the 8 data sets fromthe first 8 weeks of data to further
assess sensor accuracy. The regressions were conputed fromthe
data taken at 30, 40 and 50% RH. Regression results provide a

y:

mK + b

An i deal

Egn. 1

"b" (y intercept)

is 1.00 “RH %=H. Table 3 al so

shows the estimted (worst case) sensor error over a range of 30-
50% RH and over an extrapol ated range of 0-100% RH The 0-100%
prediction is extrapol ated because the | east squares regression
is based on data taken over a 30-50% RH range.

Tabl e 3. Least Squares Linear

Regression (first 8 weeks of data).

Esti mated sensor output = m?* (actual RH + b
standard | esti mated | Extrap.
error of error error
"b" "nt estimate (30-50% | (0-100%

range) range)

(RH | (RHRH | (%) R | (RH
Resistive-1 (RH 1) 0.5 1.01 0.7 1.1 2.3
Resi stive-2 (RH 2) 2.8 0. 95 0.5 1.6 4.9
Resi stive-3 (RH 3) -6.8 1.00 0.9 7.3 9.9
Capacitive-1 (RH4) 0.4 0.99 0.2 0.5 1.7
Capacitive-2 (RH5) 4.5 1.00 0.7 4.8 6.6
Capacitive-3 (RH 6) 1.4 1.05 0.4 3.8 6.3

The y intercept and slope are adjustable using the zero and span
on the transmtter.

adj ust nent s,

respectively,
wor st case spans (0.95 and 1.05),

Wth either of the

if the sensor were calibrated

at md span (50% RH), which generally is an easy condition to
establish in H/AC, and only a zeroing adjustnent were nmade to
theoretically it could be adjusted to be

cali brate the sensor

accurate to within x2.5% of the entire span of the sensor.

Thi s

suggests that a single-point calibration can bring a worst case

sensor to within its specified accuracy.
within £0.05 (which is the case for al

In fact,

with the gain
sensors tested in this




experinent), a single-point zero-adjustnent calibration wll
bring the sensor to within the specified 3% RH accuracy if the
sensor is calibrated anywhere within the range of 40 to 60% RH.

Sensor Drift

Four of the six sensors were specified to have a drift rate not
to exceed 1% RH per year. The other two sensors did not have a
drift specification. Drift was assessed by conparing sensor
performance after one year and after one year 11 nonths to the
first data set. The results are shown in Table 4.

Only one sensor has a drift rate in excess of 1% RH year. Both
the resistive and capacitive sensor categories and all sensors as
a group drift less than 1% RH year. These results are nuch better
than those reported in the Mechani cal Engi neering Newsletter for
Mlitary Prograns (Aug 96) which were based on 6 nonths of data.

Table 4. Drift (9%RH year) of Wall-Munt Relative Humdity Sensors.

After
After 1 yr. | ndi vid. | Category | G oup
1 yr. and Avg. Avg. Avg.
11 no.
Resistive-1 (RH1) -0.1 0.6 0.2
Resi stive-2 (RH 2) 0.7 0.1 0.4 0.5
Resi stive-3 (RH 3) -0.2 1.9 0.9 0.6
Capacitive-1 (RH 4) 2.5 1.7 2.1 '
Capacitive-2 (RH5) -0.6 0.5 -0.0 0.8
Capacitive-3 (RH 6) -0.1 0.6 0.3

Tinme Line Plots

A | east squares linear regression was performed for each sensor
using all data sets to date. Tine line plots of the predicted
sensor output at an actual (desired) value of 40% RH are shown in
figures 1 through 6.

Experimental Bias

The intent of the sensor purchases was not reveal ed to any



vendor. Due to the length and detail of the discussions with the
vendors who supplied sensors for the evaluation (in an attenpt to
obtain as nuch information as possible), it is possible that one
or nore may have suspected the intent our sensor purchase.
Capacitive sensor RH 6 was purchased fromthe sanme vendor and

t hrough the sane person as was the "true" reading chilled mrror
devi ce, although they were purchased at separate tines.
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Figure 1. Resistive Sensor RH 1 Accuracy at 40% RH.
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Figure 2. Resistive Senso]r2 RH 2 Accuracy at 40% RH.
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Figure 3. Resistive Sensor RH 3 Accuracy at 40% RH.
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Figure 5. Capacitive Sensor RH5 Accuracy at 40% RH.
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Figure 6. Capacitive Sensor RH 6 Accuracy at 40% RH.
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CONCLUSI ONS AND RECOMMVENDATI ONS

The eval uation of relative humdity sensor accuracy reported here
is constrained to wall mounted sensors and al t hough the sensing
technology is essentially the sane, different results m ght be
obtai ned for duct nmounted sensors exposed to higher air
velocities in a dirtier environnment.

As a group, resistive and capacitive sensors do not neet the
speci fied 3% accuracy, nor do the individual (capacitive or

resi stive) categories, although the resistive group fared better.
I ndi vidually, three of six sensors (two resistive and one
capacitive) nmet the specified accuracy. A capacitive sensor had
the best error at x0.5% RH. A resistive sensor had the worst at
+6. 7% RH

All the tested sensors have zero and span adjustnents. The data
i ndi cates that a single-point zero-adjustnent calibration is al
that may be required to bring a sensor to within the specified
+3% RH accuracy over a 0-100% RH range (no span adjustnent is
required) as long as the point at which the calibration is
performed is within the range of 40-60% RH. This conclusion is
somewhat of an extrapolation as it is based on experinental data
taken within a range of 30-50% RH

As a group, the resistive and capacitive sensors drifted only
0.6% RH per year. The resistive category (0.5 %RH yr) fared
slightly better than the capacitive category (0.8 9RH yr).

I ndi vidual ly, only one sensor (capacitive) had a drift rate (2.1
URH yr) in excess of 1% RH year. This data suggests a m ni ma

mai nt enance requirenent for wall nount sensors.

Capacitive sensors, as indicated and/or suggested in the
literature and specifications, are not particularly stable or
accurate at high humdities. The upper end of the sensing range
specified by the manufacturers ranges from80 to 90% RH

Resi stive sensors, with an upper end sensing range of 95% RH, are
recommended for use in duct high limt applications. In addition,
the literature indicates that resistive sensors are |ess
susceptible to contam nants. This suggests that resistive sensors
woul d be the better choice in duct (high-limt) humdity sensing
appl i cations.

There appears to be no clear-cut set of specifications that one
m ght use to distinguish the nore accurate sensors fromthose
that do not performas well. It is recomended that conm ssioni ng
i nclude a sensor calibration check to verify conformance with the
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speci fication.

It would be valuable to performsimlar tests on duct nounted
relative humdity sensors.
Recommended rel ative humdity sensor specification:

1. Relative humdity instrunents shall be rated for
operation at anbient air tenperatures within the range
of 25 to 130 degrees F. The instrunent sensing el enent
shal | be resistive or capacitive unless otherw se
specified. The instrunment transmtter shall be a 2-

w re, |oop-powered device and shall convert the sensing
el ement signal to a linear 4-20 mAdc out put over a
range of O to 100 percent relative humdity. The

i nstrunment shall have a long-termstability
corresponding to a drift rate not to exceed 1 percent
relative humdity per year. The transmtter shall have
zero and span adj ustnents.

1.1 In space or room sensing applications the

i nstrunment shall be designed to be wall nounted and be
provided with all accessories to neet the application
and nounting requirenents. The instrunment shall have an
accuracy of plus or mnus 3 percent over a range of 20
to 80 percent relative humdity.

1.2 In duct sensing applications the instrument shal
have a resistive sensing elenent and shall be capable
of being exposed to a condensing air streamw th no
adverse effect to the sensor calibration or other harm
to the instrunment. The instrunent shall be provided
with a duct probe and all accessories to neet the
application and nounting requirenents. The instrunent
shal | have an accuracy of plus or mnus 3 percent over
a range of 20 to 95 percent relative humdity.

1.3 In duct sensing applications the instrunent shall be
installed no closer than 10 feet beyond the noisture
i njection mechani sm

1.4 Comm ssioning shall include a calibration accuracy check
with the results docunmented in the Conm ssioning Report.
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METRI C CONVERSI ONS:
degrees C = (degrees F - 32) / 1.8
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Hand | etter page nunmbers using pencil in lower RH corner with
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KEY

(To Sensor Manufacturers)

Resistive:

RH-1 = Genera Eastern
RH-2 = Elan Technica Corporation (ETC)
RH-3 = Temperature Control Specidties (TCS)

Capacitive:
RH-4 = Hy-Ca

RH-5 = Mamac
RH-6 = Vaisaa






